To estimate the mean rates of ocular function loss in patients with autosomal recessive retinitis pigmentosa due to USH2A mutations. METHODS. In 125 patients with USH2A mutations, longitudinal regression was used to estimate mean rates of change in Snellen visual acuity, Goldmann visual field area (V4e white test light), and 30-Hz (cone) full-field electroretinogram amplitude. These rates were compared with those of previously studied cohorts with dominant retinitis pigmentosa due to RHO mutations and with X-linked retinitis pigmentosa due to RPGR mutations. Rates of change in patients with the Cys759Phe mutation, the USH2A mutation associated with nonsyndromic disease, were compared with rates of change in patients with the Glu767fs mutation, the most common USH2A mutation associated with Usher syndrome type II (i.e., retinitis pigmentosa and hearing loss). RESULTS. Mean annual exponential rates of decline for the USH2A patients were 2.6% for visual acuity, 7.0% for visual field area, and 13.2% for electroretinogram amplitude. The rate of acuity loss fell between the corresponding rates for the RHO and RPGR patients, whereas the rates for field and ERG amplitude loss were faster than those for the RHO and RPGR patients. No significant differences were found for patients with the Cys759Phe mutation versus patients with the Glu767fs mutation. CONCLUSIONS. On average, USH2A patients lose visual acuity faster than RHO patients and slower than RPGR patients. USH2A patients lose visual field and cone electroretinogram amplitude faster than patients with RHO or RPGR mutations. Patients with a nonsyndromic USH2A mutation have the same retinal disease course as patients with syndromic USH2A
M utations in the genes encoding rhodopsin (RHO), retinitis pigmentosa GTPase regulator (RPGR), and usherin (USH2A) are the most common causes of retinitis pigmentosa, each gene accounting for approximately 10% of cases in North America. [1] [2] [3] We have reported differences in the mean rates of loss of visual acuity, visual field, and ERG amplitude between patients with RHO mutations and patients with RPGR mutations. 4 The present study was conducted to determine the rates of progression for patients with USH2A mutations and compare them with those previously reported for the other two common forms of retinitis pigmentosa.
In 1998, mutations in the USH2A gene were first reported as a cause of Usher syndrome type II, an autosomal recessive form of retinitis pigmentosa with mild-to-moderate congenital hearing loss and normal vestibular function, 5 based on analysis of the 21 exons found to encode a USH2A transcript. 6 A longer transcript consisting of 51 additional 3Ј exons was more recently identified, and mutations causing Usher syndrome type II were also found in these exons. 7 Most USH2A mutations individually account for only a few percent of cases of Usher syndrome type II. An exception is the mutation c.2299delG (Glu767fs) in exon 13 which is geographically widespread and found to have been derived from a common ancestor. 8 In addition, another common mutation in this gene-Cys759Phe, also in exon 13-has been reported to cause 4% to 5% of autosomal recessive retinitis pigmentosa without hearing loss. 9, 10 Because in many cases this mutation in one allele does not cause hearing loss even when combined with a pathogenic USH2A mutation in the second allele, 9, 10 we hypothesized that a patient with at least one allele carrying the Cys759Phe mutation might have a less severe ocular disease course than patients with other USH2A mutations. To test this hypothesis, we also compared mean rates of decline of patients with the Cys759Phe mutation with those of patients with the Glu767fs mutation. We restricted this comparison to patients who carried the one mutation without carrying the other.
METHODS Patients
This study adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Boards of the Massachusetts Eye and Ear Infirmary and Harvard Medical School. Our USH2A longitudinal dataset comprised 125 patients with pathogenic mutations. This cohort (mean age at baseline: 31.6 years, age range at baseline: 6 -59 years) had 3 to 27 years of follow-up from 1975 to 2005 using the same test conditions with a mean follow-up of 10.4 years and an average of 7.4 ocular examinations/patient. All patients had parents with no history of retinitis pigmentosa, and we therefore presumed that the condition in these patients was autosomal recessive. The RHO and RPGR longitudinal datasets, derived from a previous study, 2 were also limited to patients with at least 3 years of follow-up. They yielded a sample of 134 RHO patients (mean age at baseline: 36.0 years, age range at baseline: 8 -66 years) who had been observed for 3 to 24 years with an average follow-up of 8.9 years based on an average of 6.2 examinations/patient and 113 RPGR patients (mean age at baseline: 26.1 years, age range at baseline: 5-61 years) who had been observed for 3 to 28 years with an average follow-up of 9.8 years based on an average of 7.2 examinations/patient. The mean age at baseline of the patients varied significantly by group (P Ͻ 0.001).
Clinical Evaluation
All the patients underwent identical ocular examinations and quantification of data, as described in detail previously. 4 We recorded best corrected Snellen visual acuities and coded them as decimals. Kinetic visual fields were measured to the V4e white test light against the standard background of 31.5 apostilbs. Fields were plotted with a digitizing tablet or scanned by custom software and converted to areas in deg 2 . We placed a contact lens electrode on the topically anesthetized cornea and elicited full-field cone ERGs with 10 s, 30-Hz flashes of white light (0.2 cd-s/m 2 ) after pupillary dilation and 45 minutes of dark adaptation. Digital filtering and signal averaging were used to quantify responses Ͻ10 V in amplitude. As part of another research project, 11 we had recorded optical coherence tomograms (OCTs) from four of the patients with the Glu767fs mutation (age range: 43-54 years) who had visual acuities spanning 20/20 to 20/70. We evaluated these tomograms to try to reveal the morphologic basis for visual acuity loss in this disease.
Statistical Analyses
We censored visual acuities, visual field areas, and ERG amplitudes from selected visits to minimize ceiling and floor effects, converted these measures to natural logarithms, and performed analyses as described previously. 4 In addition, we excluded USH2A patients from visual field analyses if they showed marked inconsistency over the course of follow-up, possibly due to an impaired ability to hear the examiner's prompts. Specifically, we eliminated patients if the root mean square error from the regression of log e visual field area on time exceeded 4 SD from the grand mean. Altogether, we excluded 23 patients from the analysis of visual acuity change, 16 patients from the analysis of visual field change, and 56 patients from the analysis of ERG change.
We used repeated-measures longitudinal regression (PROC MIXED, SAS, ver. 9, SAS Institute, Cary, NC) to estimate the mean rate of change for each outcome measure based on the average log e value for one or both eyes at each visit and compared mean slopes for patients by genotype. We fit a Weibull function to survival data (PROC LIFEREG; SAS) to compare the age distribution for legal blindness (i.e., a visual acuity of 20/200 or worse or a visual field diameter of 20°or less in each eye) in patients by genotype. This procedure accounts for left censoring (i.e., patients who were legally blind at the baseline visit), right censoring (i.e., patients who had not become legally blind by the last follow-up visit), and interval censoring (i.e., patients who became legally blind between two follow-up visits). Table 1 lists the nucleotide change and protein change for each of the 38 mutations identified in the patients included in the study. Many of these mutations were reported previously as the result of a screen of the short isoform of USH2A.
RESULTS

USH2A Mutations
3 Subse- 
quently, we screened additional patients, including the exons for the long isoform, and found 18 novel mutations (indicated in bold in Table 1 ). Table 2 lists the identified mutations by patient. Not all patients were screened for mutations in the entire gene, and some patients carried a rare USH2A missense change that was not demonstrably pathogenic. These factors probably account for the high prevalence of patients with only one detected pathogenic mutation in our series. The table shows that 41 patients (33%) had the Cys759Phe mutation, associated with Table 2 also reveals that at a mean age of 32 years, our USH2A patients had mean visual acuities that were reduced one to two lines, mean visual fields that were reduced approximately 40% below normal, and mean cone ERG amplitudes that were reduced nearly 90% below normal. Table 3 lists the mean annual log e rates of change in patients with USH2A mutations, along with standard errors and significance levels. The mean log e values correspond to mean annual exponential rates of decline of 2.6% for Snellen visual acuity, 7.0% for visual field area to the V4e test light, and 13.2% for cone ERG amplitude to 30 Hz flashes. In comparison, the patients with RHO or RPGR mutations, respectively, had mean annual exponential rates of decline of 1.6% and 4.0% for visual acuity, 2.9% and 4.7% for visual field area, and 7.7% and 7.1% for cone ERG amplitude. The mean rate of visual acuity loss in the USH2A patients was significantly faster than that in the RHO patients (P ϭ 0.005), but significantly slower than that in the RPGR patients (P Ͻ 0.001). On the other hand, the mean rate of visual field loss and the mean rate of ERG amplitude loss in the USH2A patients were significantly faster than the corresponding rates in the RHO and the RPGR patients (P Ͻ 0.001 in all cases).
Baseline Ocular Function
Mean Rates of Change
We then compared mean rates of change in USH2A patients with the Cys759Phe mutation (and not the Glu767fs mutation) to the mean rates in USH2A patients with the Glu767fs mutation (and not the Cys759Phe mutation). Mean rates of annual decline were, respectively, 2.9% versus 2.1% for visual acuity, 6.9% versus 7.7% for visual field area, and 13.1% versus 12.9% for ERG amplitude. None of these differences was statistically significant. Figures 1 to 3 show the distributions of annual rate of change by ocular function and genotype. The x-axes are all spaced in intervals of 0.1 log e unit (i.e., ϳ10%) and, for a given measure of ocular function, span the same range. The modal values provide a gauge of the variation in rate of change and represent 60.6% to 61.8% of cases for visual acuity, 47.6% to 54.7% of cases for visual field area, and 33.3% to 40.4% of cases for cone ERG amplitude. Even though these modal values, on average, represent only about half of each group of change scores, it is still possible to discern differences in these distributions that parallel the mean differences cited. With the location of the mode on the x-axis for the USH2A patients as reference, the cumulative percentage of cases to the left of this value (i.e., associated with faster progression) for visual acuity is 9.9% in USH2A patients, 6.7% in RHO patients, and 19.5% in RPGR patients. The cumulative percentage of cases to the left of the USH2A mode for visual field area is 31.2% in USH2A patients, 11% in RHO patients, and 19.5% in RPGR patients. The cumulative percentage of cases to the left of the USH2A mode for cone ERG amplitude is 37.6% in USH2A patients, 12.3% in RHO patients, and 15.1% in RPGR patients. Thus, the visual acuity distribution in the USH2A patients tends to lie between those of the RHO patients and RPGR patients, whereas the visual field and ERG distributions in the USH2A patients tend to be to the left of the corresponding distributions for the RHO and the RPGR patients-similar to that observed for mean rates of change.
Distributions of Rate of Change
Median Age to Reach Legal Blindness
We found a significant effect of genotype on the age distribution for legal blindness (P Ͻ 0.001). Our patients with USH2A mutations reached legal blindness, based on loss of acuity or field, at a median age of 58 years (Fig. 4) ; this age is between those previously reported for the patients with RPGR mutations (45 years) and for the patients with RHO mutations (77 4 When visual acuity and visual field survival were considered separately, patients with USH2A mutations failed at a median age of 65 years for both measures of ocular function (Fig. 4) . Figure 5 illustrates tomograms recorded from a normal control and four patients with the USH2A Glu767fs mutation. In contrast to the normal tomogram, all four patients show a loss of the outer nuclear layer (ONL) outside of the fovea. In addition, the thickness of the ONL in the foveal center is smaller for eyes with lower visual acuity in this sample, and the patient with a visual acuity of 20/50 has small off-center cysts.
OCTs in Patients with the Glu767fs Mutation
DISCUSSION
The present study shows that patients with retinitis pigmentosa due to USH2A mutations, on average, lost Snellen visual acuity more quickly (i.e., 2.6%/year or ϳ0.6 letter/year) than patients with RHO mutations (i.e., 1.6%/year or ϳ0.4 letter/ year) but more slowly than patients with RPGR mutations (i.e., 4.0%/year or ϳ0.9 letter/year). On the other hand, the USH2A patients lost visual field area and full-field cone ERG amplitude, which reflect predominantly extrafoveal function, more rapidly than the other two groups. These differences in mean rates of change could be detected even though patients within a given genotype and for a particular measure of ocular function showed some variation in their rates of change. These results provide a framework for planning clinical trials aimed at stabilizing or slowing the course of this condition.
Two previous studies also evaluated rates of loss of ocular function in patients with USH2A mutations. One of these studies followed Snellen visual acuity in six patients and Goldmann visual field in four patients but quantified results in "functional" value units that cannot readily be compared to the standard measurements used in the present study. 12 The second study followed visual field area in eight patients with the Glu767fs mutation, censoring areas above their lower limit of normal and data "… that deviated from both preceding and succeeding field areas by 50% or more …" regardless of the intervening time interval. 13 These patients had an average rate of decline to the V4e stimulus of 12.1%/year, faster than that observed in our patients with this mutation (7.7%/year), possibly due to methodological differences. Contrary to our initial hypothesis, we found that patients with the Cys759Phe mutation, associated with nonsyndromic disease, did not have a significantly slower course of disease than patients with the Glu767fs mutation, associated with Usher syndrome type II. Our data also revealed that patients with USH2A mutations become legally blind due to loss of visual acuity or visual field at a median age that is older than that of patients with RPGR mutations and younger than that of patients with RHO mutations. Loss of visual acuity and loss of visual field equally contributed to our USH2A patients becoming legally blind. This distinguishes them from RPGR patients, who generally become legally blind due to loss of visual acuity, and RHO patients, who generally become legally blind due to loss of visual field. 4 The tomograms recorded in patients with the USH2A Glu767fs mutation showed thinning and loss of the ONL with increasing eccentricity consistent with central visual field constriction, thinning of the ONL in the center in parallel with decreased visual acuity, and macular cysts in one case. These changes are typical of those that have been described in patients with different forms of retinitis pigmentosa. 4, 11, 14 
